Abstract The vestibular nuclei and the interstitial nucleus of Cajal (INC) have been regarded as key elements of the velocity-to-position integrator for vertical eye movements. This paper reports a class of type II vestibular neurons that receives input from the INC and carries vertical eye movement signals that appear to represent an intermediate stage of the integration process. Extracellular recordings were made from neurons in and near the vestibular nuclei in alert cats. We encountered 39 neurons that exhibited an intense burst of spikes for downward saccades and a position-related tonic activity during intersaccadic intervals (d-type II neurons). They had a very high saccadic sensitivity (4.3±2.7 spikes/deg, mean ± SD) as well as a high position sensitivity (3.2±1.6 (spikes/sec)/deg). Unlike the bursts of motoneurons, the bursts of these neurons declined gradually with an exponential-like time course and lasted well beyond the end of saccades. The mean time constant of the burst decay was 139±43 ms. The dtype II neurons were excited with disynaptic or trisynaptic latencies following stimulation of the contralateral vestibular nerve. The responses to vertical head rotations suggested inputs from the contralateral posterior canal. The d-type II neurons were excited with short latencies following stimulation of the ipsilateral INC, suggesting that they receive a direct excitatory input from vertical eye movement-related INC neurons with downward ondirections. The d-type II neurons were located in the rostral portion of the vestibular nuclei and the underlying reticular formation. These results suggest that d-type II neurons may be interposed between the burst-tonic neurons in the INC and pure tonic neurons in the vestibular nuclei and contribute to the oculomotor velocity-to-position integration.
Introduction
How the brain creates precise motor commands is a central issue in systems neurophysiology. The oculomotor system provides one of the best models to address this question, with its brainstem circuitry and premotor signals well characterized.
When an object of interest appears in the visual field, the animal redirects the line of sight to the object by rapid eye movements, called saccades. Following a saccade, the eye must be held steady to ensure a clear vision. Ocular motor neurons therefore exhibit tonic discharge that commands eye muscles to generate static force for stable fixation (Robinson 1975) . The tonic activity of motoneurons is produced by an input from a distributed circuit (Escudero et al. 1992; Escudero and Delgado-Garcia 1988) that creates an eye position signal using an eye velocity signal. Although positive feedback loops (Arnold and Robinson 1997; Cannon et al. 1983; Galiana and Outerbridge 1984; Kamath and Keller 1976) of neurons are generally believed to be a neural substrate for the velocity-to-position integration, little is known about the information processing occurring in the neural integrator.
The vestibular nucleus (VN) has been implicated in the oculomotor integration for vertical eye movements. Many neurons in the VN have been found to modulate their activity in relation to eye movements in the vertical direction in both the monkey (Chubb et al. 1984 : McCrea et al. 1987 Tomlinson and Robinson 1984) and the cat (Fukushima et al. 1990c; Iwamoto et al. 1990a; Yoshida et al. 1981) . In the cat, secondary neurons that show activity closely related to vertical eye position have been identified (Fukushima et al. 1990c; Iwamoto et al. 1990a) . One group of such neurons, downward-position-vestibular (DPV) neurons, has been shown to be a source of eye position signals on vertical motoneurons (Iwamoto et al. 1990b ). DPV neurons have been shown to project also to the interstitial nucleus of Cajal (INC) in the midbrain, indicating that an eye position signal is conveyed from the VN to INC.
The INC is another brain region that has been implicated in the integration for vertical eye movements. The INC abounds in neurons with vertical eye movementrelated activity both in the monkey (Dalezios et al. 1998; King et al. 1981) and in the cat (Chimoto et al. 1992; Chimoto et al. 1999; Fukushima et al. 1990a Fukushima et al. , 1990b . Anatomical studies have demonstrated that the INC projects not only to the extraocular motor nuclei but also to the vestibular nuclei (Barmack et al. 1979; Carpenter et al. 1970; Horn and Büttner-Ennever 1990; Mabuchi and Kusama 1970; Pompeiano and Walberg 1957) . VNprojecting neurons have been found in the INC and the overlying reticular formation (Fukushima et al. 1982) . A recent study on vertical eye movement-related INC neurons with downward on-directions (d-INC neurons) revealed that some d-INC neurons were activated antidromically from the ipsilateral VN, particularly from the ipsilateral superior VN ).
An interaction between neurons in the INC and those in the VN has been suggested to play an important role in the velocity-to-position integration (Chimoto et al. 1992; Chimoto et al. 1999; Fukushima et al. 1982; Fukushima et al. 1983) . Several subgroups of neurons in these structures are interconnected in a consistent way and thought to constitute a multiple loop circuit. However, little is known about how an eye velocity signal is converted to an eye position signal by such circuitry. Our previous study, comparing the discharge of three distinct populations of cells, has given a clue to this question . Saccadic velocity signals enter the integrator at the INC, generating a burst component of discharge of d-INC neurons. The two populations of d-INC neurons, however, show different degrees of integration, those with descending projections exhibiting higher position sensitivity than those with commissural projections. At the level of DPV neurons (Iwamoto et al. 1990a) , velocity signals have already been converted completely to position signals.
There is a missing link, however, between the d-INC and DPV neurons. The canal input and projections of these cells strongly suggest that the d-INC neurons, descending to the ipsilateral VN, must be functionally connected to the DPV neurons in the contralateral VN. Therefore, it seems reasonable to assume a group of vertical eye movementrelated VN neurons that receives projections from d-INC neurons and that contributes to further processing of a saccadic velocity signal. Because some d-INC neurons with descending projections have been suggested to be excitatory (Iwamoto et al. 1995) , the target neurons of d-INC neurons also are expected to have downward ondirections and to receive excitatory input from the contralateral posterior canal.
In the present study, we searched in the VN of the alert cat for vertical eye movement-related type II neurons with downward on-directions that received excitation from the ipsilateral INC. This paper reports that such neurons indeed exist and that their discharge characteristics are different from those of DPV or d-INC neurons. We discuss their possible role in the velocity-to-position integration from a viewpoint of a local neural filter (Galiana and Outerbridge 1984) . A part of the results has been presented in an abstract form (Niwa et al. 1999 ).
Materials and methods

Preparation
Experiments were performed on nine adult cats weighing 2.5-4.8 kg (mean 3.7 kg). Each animal underwent the following surgical procedures with aseptic conditions. Anesthesia was achieved by inhalation of halothane gas (4%, initially) followed quickly by intravenous (i.v.) injection of pentobarbital sodium (initial dose, 5-6 mg/kg, supplemented by 2-5 mg/kg/h). No adverse reactions were observed during anesthesia. A coil of Teflon-coated stainless steel wire was implanted beneath the insertions of the four recti of the right eye to measure eye movements using the magnetic search coil technique. The tympanic bulla on each side was opened and a silver ball electrode was placed on the round window to stimulate the vestibular nerve. Wires from the eye coil and labyrinth electrodes were led subcutaneously to the surface of the skull and soldered to small connectors. For painless head fixation, two metal tubes were attached securely to the skull with dental acrylic and small screws. A craniotomy was made in the posterior part of the parietal bone to reach the VN. Another craniotomy was made in the rostral part of the parietal bone to reach the INC. The cerebrum and cerebellum were kept intact. A cylindrical chamber with a diameter of 5-7 mm was placed over each craniotomy and fixed to the skull with dental acrylic. All experimental protocols complied with the guidelines of the University of Tsukuba policy on the humane care and use of laboratory animals.
Recording
During recording sessions, the animal was gently restrained in a cloth bag and mounted on a turntable. The animal's head was fixed to a stereotaxic frame and pitched nose down 26.5 deg from earth horizontal. Four stainless steel rods extending from the frame were inserted into the metal tubes in the implant to immobilize the animal's head. Eye movements were measured by the use of a magnetic search-coil system. Eye position during fixation of the point 10 deg down from the earth-horizontal plane was taken as the zero vertical position. Glass-coated tungsten electrodes (shaft diameter, 250 µm) were used for extracellular single unit recordings in and near the VN. They were inserted through the cerebellum in a track that was tilted 26.5 deg caudally to the stereotaxic frontal plane and 0-5 deg laterally to the sagittal plane. To locate the VN, N1 field potentials induced by stimulation of the vestibular nerve (Shimazu and Precht 1965) were monitored as the electrode was advanced. Unit responses related to eye movements or induced by head rotation were used to orient ourselves in the VN.
Raw and filtered unit activity, eye position signals, and turntable position signals and velocity signals were displayed on a computer screen and stored on a disk for later off-line quantitative analyses.
Stimulation
The vestibular nerves were stimulated monopolarly with chronically implanted silver-ball electrodes. Glass-coated Elgiloy electrodes (shaft diameter, 300 µm) were chronically implanted for stimulation in the part of the INC that contained vertical burst-tonic or tonic neurons. Electrodes were inserted stereotaxically and, when judged to be in the right location, fixed to the skull with dental acrylic. The INC was physiologically identified by the presence of vertical eye movement-related unit activities and the disynaptic negative field potentials evoked by stimulation of the contralateral vestibular nerve. The INC was stimulated monopolarly with single cathodal current pulses of 100 or 200 µs duration. Current intensities up to 500 µA were used for search stimuli. Threshold currents for evoking orthodromic response were less than 200 µA in most cases. Singlepulse stimulation of the INC did not produce any sign of pain or discomfort in the animal.
For natural vestibular stimulation, the table was rotated sinusoidally in the light in two vertical planes that were orthogonal to each other and oriented 45 deg away from the pitch and roll planes. These rotation planes were approximately coplanar with the contralateral posterior and ipsilateral anterior canal (c-pc/i-ac) pair and the ipsilateral posterior and contralateral anterior canal (i-pc/c-ac) pair, and are called c-pc/i-ac or i-pc/c-ac planes in this paper. We used a fixed frequency of 0.5 Hz and a peak table velocity of 7.6 deg/s.
Histology
Stimulation sites and some recording sites were marked by making electrolytic lesions at the termination of experiments. The animals were killed by an overdose of pentobarbital sodium and then perfused with glutaraldehyde-paraformaldehyde in phosphate buffer. The brainstem was removed and cut parallel to the electrode tracks into transverse serial sections (100 µm thick), which were then counterstained by cresyl violet. Electrolytic lesions were identified histologically and recording sites of neurons were reconstructed with reference to the marked spots. For the analysis of responses to electrical stimulation, neuronal activity was amplified (bandwidth 0.01-8 kHz) and sampled on-line at 100 kHz for display and storage. Latencies of orthodromic excitatory responses were measured from 10-30 superimposed traces. For the responses to ipsilateral vestibular nerve stimulation, 100-200 traces were superimposed to detect inhibitory effects.
The relationships between neuronal discharges and eye movements were analyzed off-line. Filtered neuronal activity (bandwidth 0.3-8 kHz) was sampled at 25 or 33.3 kHz and stored in a computer using an interface and software (CED1401 plus, Spike2). This allowed us to inspect the entire waveform of each spike on a monitor screen to ensure reliable spike detection using an amplitude criterion. Eye position signals were sampled at 500 Hz and instantaneous eye velocity signals were obtained by calculating the slope of the line fitted to position samples contained in a 10-ms moving window. The position sensitivity was defined as the slope of the regression line fitted to scatter plots of the firing rate versus vertical eye position during intersaccadic intervals. The firing rate was calculated for the last 0.5 s of each intersaccadic interval, except the very last 50 ms, that was 1.0 s or longer to exclude saccaderelated activity changes. As a measure of long-lasting burst activity associated with saccades, the saccadic sensitivity was computed as follows. We defined the burst component as firing activity in excess of the component proportional to instantaneous eye position. For each saccade, we first calculated, using the rate-position relationship, the size of the position component for a time window between the saccadic onset and the end of the burst and expressed it in number of spikes. We then subtracted it from the total number of spikes in that time window to obtain the size of the burst component. The magnitude of the burst thus calculated was plotted against the amplitude of vertical saccades and the saccadic sensitivity (spikes/ deg) obtained as the slope of the linear regression line.
To analyze responses of neurons for vertical sinusoidal head rotations, eye position, table position and table velocity signals were sampled every 10 ms (200 bins/cycle). Discriminated spikes were converted to a spike density function. The spike density function was calculated by substituting each spike with a raised cosine bell having unit area below it and a half width of 10 or 20 ms, chosen for each neuron depending on the firing rate. The spike density was averaged over 5-30 cycles of record that contained no saccade, and the response fundamental was calculated by a least squares procedure. Cycles during which the animal made a saccade were not used for analysis. The gain of response was defined as the ratio of the amplitude of the response fundamental to the stimulus velocity amplitude. The phase was measured as the difference between the peak of nose-up angular velocity and the peak of the response fundamental. Numerical data are presented as a mean ± SD.
Results
Extracellular recordings were made from neurons with activity related to vertical eye movements in and near the VN. We explored the superior and medial vestibular nuclei, the mid-to rostral portion of the lateral vestibular nucleus, and the reticular formation immediately beneath these nuclei. We encountered 199 neurons that showed spike activity related to vertical eye position. The majority of these (168 cells) increased their discharge with downward eye position and the remainder (31 cells) with upward eye position. Three-fourths of cells with downward on-directions modulated their firing rate in close relation to eye positions and lacked saccade-related burst or pause. This population most likely corresponded to "downward-position-vestibular (DPV) neurons" that have been reported previously (Iwamoto et al. 1990a ). The remaining one-fourth (39 cells), however, did have saccade-related burst in addition to eye position-related activity ( Fig. 1 ). This paper describes properties of the latter neurons. Because these neurons received excitatory input from the contralateral labyrinth, as will be described below, we call them "downward-type II neurons (d-type II neurons)" in this paper. To compare the burst activity of dtype II neurons with that of d-INC neurons, extracellular recordings were made from the INC in three alert animals. Sixteen INC neurons that showed burst-tonic discharge patterns with downward on-directions (d-INC neurons) and that were antidromically activated from the ipsilateral VN were included in the material.
Firing characteristics of d-type II neurons
When the head was still in space, d-type II neurons showed both tonic activity related to eye position and burst discharge associated with downward saccades. During upward saccades, they showed a clear decrease or pause in firing rate. As can be seen in Fig. 1A , the burst activity associated with downward saccades lasted well beyond the end of saccades in most d-type II neurons. After reaching its peak, the firing rate decayed gradually to a lower steady rate associated with the new eye position. For descriptive purposes, a component of firing activity in excess of the steady component will be referred to as burst component (see "Materials and methods"). The characteristics of the burst and steady components are described for 32 d-type II neurons in which we could collect sufficient data for quantitative analysis. Figure 2A compares the burst firing profile with the vertical eye velocity profile for a downward saccade. The firing rate after downward saccades declined with an apparently exponential-like time course that was far slower than that of eye velocity. The time course of the burst decay was quantified by a time constant (TC) that was obtained by fitting a single exponential to the decay phase of the firing rate profile. The TC for this particular saccade was 183 ms. In this neuron, the mean TC obtained from 12 saccades was 176±39 ms. A similar analysis was made for a total of 32 neurons. For individual neurons, the average across 4-26 saccades was regarded as a representative value of the TC. TCs thus calculated ranged from 76 to 247 ms with a mean of 138±44 ms (n=32; neurons was statistically highly significant (Mann-Whitney U test, p<0.001). During upward saccades, most dtype II neurons exhibited a decrease or a pause in activity. After such a decrease in activity, the firing rate recovered slowly with an approximately exponential time course as in a mirror image of the discharge profile after downward saccades.
Burst time course
In many d-type II neurons, the peak of the firing rate during downward saccades occurred later than the peak of eye velocity ( Fig. 2A) whereas the reverse was true for most d-INC neurons (Fig. 2C) . To quantify such tendency, we examined the relative timing of the burst peak with reference to the eye velocity peak. For 32 d-type II neurons, the timing of the burst peak ranged from −18.1 to 54.0 ms with a mean of 4.2±16.6 ms (the negative value indicates the burst peak occurring earlier). More than half of d-type II neurons exhibited burst peak that lagged the eye velocity peak. In contrast, the burst peak preceded the eye velocity peak in almost all d-INC neurons, the relative timing ranging from −27.6 to 0.2 ms with a mean of −12.6 ±9.0 ms (n=16). The difference in burst peak timing between d-type II neurons and d-INC neurons was statistically highly significant (Mann-Whitney U test, p<0.001). The d-type II neurons with later burst peak tended to have longer TCs (Fig. 2B, hatched) , suggesting a possibility that cells with slower burst decay may also show slower rise of the burst. The correlation between the burst peak timing and the TC was statistically significant (r=0.53, p<0.05, t-test for linear regression).
Saccadic sensitivity
The d-type II neurons discharged more vigorously for saccades with larger downward components. To quantify this relationship, the magnitude of burst component expressed in spike count (see "Materials and methods") was computed and plotted against the vertical saccade size. Figure 1B shows for one d-type II neuron the relationship between the magnitude of burst component and the amplitude of saccades. Regression analysis indicated that the correlation between these variables was highly significant (r=0.93, p<0.001, t-test for linear regression). For most neurons, the correlation between the two parameters was statistically significant (p<0.01 for 26/32 neurons, p<0.05 for 30/32 neurons). For the 26 neurons with a significance of p<0.01, the correlation coefficients ranged from 0.60 to 0.95 with a mean of 0.80 ±0.10. The saccadic sensitivity, defined as the slope of the regression line, ranged from 0.77 to 12.61 spikes/deg with a mean of 4.27±2.68 spikes/deg (Fig. 1C) . These values are far higher than the saccadic sensitivity of conventional burst-tonic cells. The high saccadic sensitivity is a salient feature of d-type II neurons. Its functional implication will be discussed later.
Eye position sensitivity
The relationship between the steady state firing rate during intersaccadic intervals and vertical eye position was examined. As exemplified in Fig. 1D , linear regression analysis indicated that the correlation was highly significant for all the 32 neurons examined. The correlation coefficients ranged from 0.52 to 0.96 with a mean of 0.82 ±0.12. The vertical eye position sensitivity ranged from 0.8 to 6.2 (spikes/s)/deg with a mean of 3.2±1.6 (spikes/s)/ deg (Fig. 1E) . No significant correlation was found between the firing rate and horizontal eye position for 29 neurons. The remaining three cells showed horizontal eye position sensitivity that was lower than vertical eye position sensitivity, increasing their firing rate for contralateral, as well as downward, eye movement. The d-type II neurons thus have eye position sensitivity similar to that of DPV neurons, d-INC neurons, and ocular motoneurons (see "Discussion"). The firing rate at the zero vertical eye position (see "Materials and methods"), estimated from the regression line, ranged from 11 to 101 spikes/s with a mean of 48±27 spikes/s. The threshold eye position at which the firing rate became zero was estimated by extrapolation and ranged from 2.8 deg down to 55.9 deg up with a mean of 17.6 deg up.
Discharge regularity
A quantification of the discharge regularity was made by calculating the coefficient of variation (CV) of the interspike interval distribution (Goldberg and Fernandez 1971) . CV was obtained for each fixation by dividing the SD by the mean of that interval. The larger the CV, the greater the variation in interspike interval. In general, the CV of d-type II neurons varied with eye position, and tended to increase as the eye fixated further in an upward direction, i.e., as the mean firing rate decreased. The CVs at all available fixations were averaged, and this average was taken as a representative value for each neuron. The CV thus calculated ranged from 14.7 to 84.3%, with a mean of 50.0±16.5% (n=32 cells) and showed a unimodal distribution.
There was a tendency for more irregularly discharging cells to have shorter time constants of the burst decay. The correlation between CV and TC of d-type II neurons was statistically significant (n=32, p<0.001, t-test for linear regression) with a correlation coefficient of 0.53.
Vestibular inputs to d-type II neurons
Effects of vestibular nerve stimulation
To examine inputs from the vestibular apparatus to d-type II neurons, we first studied their response to electrical stimulation of the vestibular nerves. Figure 3A shows responses of a d-type II neuron to contralateral vestibular nerve stimulation. Superposition of traces, aligned on the nerve shock, reveals orthodromic activation of this neuron at a shortest latency of 2.9 ms. Twenty-nine neurons were tested for their response to stimulation of the contralateral vestibular nerve and all cells exhibited excitatory responses. Latencies of excitatory responses ranged from 1.52 to 4.66 ms with a mean of 2.55±0.81 ms (n=29). Since the latency of the disynaptic EPSPs evoked from the contralateral vestibular nerve in abducens motoneurons ranges between 1.2 and 2.0 ms (Baker et al. 1969) , the excitation of d-type II neurons was mostly disynaptic or trisynaptic from the contralateral vestibular nerve.
Twenty-nine neurons were tested for responses following stimulation of the ipsilateral vestibular nerve. Twentysix of them (90%) exhibited no excitatory response. The remaining three cells exhibited excitatory responses to ipsilateral vestibular nerve stimulation with latencies of 1.3-2.1 ms. Fourteen of the 29 neurons were further tested for a suppressive effect from the ipsilateral vestibular nerve. As shown in Fig. 3B , 100-200 traces were superimposed to visualize the possible suppression of firing activity. In this particular neuron, clear spike suppression was induced at a latency of 2.7 ms. Spike suppression was observed in 11 of the 14 cells. Latency of the suppression was measured from the stimulus to the last spike before the suppression in the superimposed traces. The latencies ranged from 1.5 to 3.0 ms, suggesting disynaptic inhibition from the ipsilateral vestibular nerve.
Response to vertical head rotation
To determine the semicircular canals from which d-type II neurons receive inputs, their responses to vertical, sinusoidal head rotation were recorded in 19 neurons. All neurons had a similar spatial preference. For the 19 
Effect of ipsilateral INC stimulation
To reveal a possible input from the INC to d-type II neurons, effects of stimulation of the ipsilateral INC were examined. Stimulation sites in the INC were functionally identified by the presence of neurons related to vertical eye movements and later confirmed histologically by the electrolytic lesions (see "Materials and methods"). Figure 4A shows excitatory responses of a d-type II neuron evoked from a site in the INC (Fig. 4D) . Orthodromic spikes were induced with a shortest latency of 0.95 ms. A total of 27 neurons were tested for excitatory response following stimulation of the ipsilateral INC. Twenty-three of them (85%) exhibited excitatory responses with latencies ranging from 0.90 to 3.06 ms with a mean of 1.61±0.56 ms (Fig. 4B) . The remaining four cells exhibited no responses. Figure 4C shows firing behavior of a d-INC neuron that was recorded at the stimulation site (Fig. 4D) . These data are consistent with the idea that d-type II neurons receive projections from the downward neurons in the ipsilateral INC, an issue dealt with further in "Discussion." Effects of stimulation of the contralateral INC were also examined. Only 2 out of 12 neurons tested exhibited excitatory responses, both with a latency of 1.9 ms. The remaining ten neurons showed no responses.
Twenty-eight d-type II neurons were tested for responses to stimulation of both the contralateral vestibular nerve and the ipsilateral INC. All neurons were excited from the contralateral nerve. Twenty-four neurons exhibited orthodromic responses to INC stimulation.
Location of d-type II neurons
Locations of d-type II neurons were reconstructed with reference to electrolytic lesions made at several recording sites. A transverse section of the brainstem in Fig. 5A illustrates the recording site of a d-type II neuron and the depth profile of the N1 field potentials along the track recorded for functional identification of the VN. Like many other d-type II neurons, this neuron was located near the ventral border of the VN (a filled circle), where stimulation of the ipsilateral vestibular nerve produced only a tiny field potential. Figure 5B shows the locations of 12 d-type II neurons that were collected in one animal. The d-type II neurons were located in the superior vestibular nucleus and the ventral part of the medial and lateral vestibular nuclei near to their border and also in the reticular formation just ventral to the VN. Locations of dtype II neurons were similar in two other animals. 
Discussion
The present study has identified a distinct class of vertical eye movement-related neurons in the VN and the underlying reticular formation. These d-type II neurons carry vertical eye position signals as do DPV neurons and d-INC neurons (Chimoto et al. 1992 Iwamoto et al. 1990a) . The mean position sensitivity of our d-type II neurons, 3.2 (spikes/s)/deg, was close to that of downward INC neurons, 3.0-3.7 (spikes/s)/deg Dalezios et al. 1998; Fukushima et al. 1990a) and to that of DPV neurons, 3.2 (spikes/s)/deg (Iwamoto et al. 1990a ). The d-type II neurons, however, depart from the previously known tonic or burst-tonic neurons in their saccade-related burst discharge. Many neurons did not exhibit a rapidly falling, eye velocity-related pulse component but showed a slowly decaying burst that outlasted the saccades. This makes their firing profile clearly different from, in particular, the pulse-slide-step of motoneuron activity. Because of the long-lasting burst, the mean saccadic sensitivity of d-type II neurons, 4.3 spikes/ deg, was several times higher than that of conventional burst-tonic neurons, such as downward INC neurons (0.96 spikes/deg; Chimoto et al. 1999 ). We will discuss what this unproportionately high saccadic sensitivity might imply later in this section. The d-type II neurons are distinct in their discharge regularity as well. The mean CV of interspike interval, 50.0%, is higher than that of DPV neurons (mean 27.1%) (Iwamoto et al. 1990a ) and INC neurons (mean 15.0%) (Fukushima et al. 1990a ) and makes d-type II neurons one of the most irregularly discharging groups of cells among eye movement-related neurons in the brainstem.
A group of vestibular nucleus neurons with vertical eye position-related activity, DPV neurons, has been shown to project directly to ocular motoneurons in the IIIrd and IVth nuclei and thus to be a source of eye position signals present on the final output elements (Iwamoto et al. 1990b ). Burst-tonic and tonic neurons in the INC are also thought to provide motoneurons with position-related tonic input by their projections to the motor nuclei. The dtype II neurons, discovered and characterized in the present study, too, exhibit a clear tonic component with the eye position sensitivity as high as that of DPV and down-INC neurons. In this respect, d-type II neurons might appear to be well qualified for being another class of premotor neurons. The prolonged slow decay of saccaderelated burst discharge of many d-type II neurons, however, argues strongly against the idea that they may be a source of position-related activity of motoneurons, which exhibit a compact burst that decays much faster than the burst of d-type II neurons. It seems more likely that these vestibular neurons are involved in the process of velocity-to-position integration. Below, we will first 
Connections of d-type II neurons
The d-type II neurons were excited with short latencies following stimulation of the ipsilateral INC. Fukushima et al. (1983) found many vestibular nucleus neurons that received excitation from the ipsilateral INC in the anesthetized cat. They classified discharges within 1.9 ms after stimulation of INC as monosynaptic since stimulation of the ipsilateral INC evoked a tract volley at 0.9 ms. About 80% of our d-type II neurons exhibited excitatory responses within 1.7 ms after stimulation of the INC (Fig. 4B) , indicating that at least these neurons were activated monosynaptically. This is consistent with the notion that d-type II neurons receive direct excitatory projections from ipsilateral INC neurons. Projections from the INC to the ipsilateral VN have been described in early anatomical studies based on anterograde degeneration techniques in the cat (Mabuchi and Kusama 1970; Pompeiano and Walberg 1957) and monkey (Carpenter et al. 1970) , and on biocytin iontophoretic injection techniques in the monkey (Kokkoroyannis et al. 1996) .
There is a possibility that responses evoked by INC stimulation were due to axon reflex activation of contralateral vestibular neurons with an ascending collateral destined to the INC (McMasters et al. 1966; Tarlov 1970; Wilson et al. 1968 ). In their intra-and extracellular study on VN neurons, Fukushima et al. (1983) used two procedures to eliminate a possible participation of vestibular axon reflexes: simultaneous stimulation of the ipsilateral INC and the contralateral VN, and acute transection of the pontine MLF. On the basis of interaction between monosynaptic EPSPs from the INC and those from the contralateral VN, and of the ineffectiveness of the MLF lesion on the INC-induced EPSPs, they concluded that the monosynaptic responses of VN neurons to ipsilateral INC stimulation were not due to vestibular axon reflex. They further showed that effective stimulation site for evoking monosynaptic excitation of the VN neurons was restricted to the ipsilateral INC.
It seems reasonable, therefore, to assume that our d-type II neurons do receive direct excitatory projections from the ipsilateral INC. The INC contains a variety of eye movement-related neurons, including those with vertical eye position sensitivity Fukushima et al. 1990a; King et al. 1981) , vertical burst neurons (Missal et al. 2000) and vestibular saccade neurons (Kaneko and Fukushima et al. 1998 . Of these, the former exhibits a high eye position sensitivity and projects to the ipsilateral VN. It has further been shown that these d-INC neurons have axonal arborization in the ipsilateral VN and are excitatory in nature Iwamoto et al. 1995 (Fig. 2D) , much shorter than that of d-type II neurons. Thus the discharge of the latter does not merely reflect the discharge of the descending signal. One possible explanation for the conversion of a brief burst into a more slowly decaying one is to hypothesize, at the level of d-type II neurons, a low pass filter with a relatively short time constant. This filter is characterized by a transfer function for a first-order lag system:
where T is the time constant and s is the Laplace complex frequency. We simulated the temporal profile of firing rate of d-type II neurons on the basis of this assumption. Because the discharge of d-INC neurons is related to eye velocity and eye position, we approximated the input to a d-type II neuron as a weighted sum of the two components. That is:
where θ is the vertical eye position (positive for downward direction), θ 0 the threshold eye angle at which this neuron is recruited into activity, r the saccadic sensitivity, and k eye position sensitivity of the neuron. Note that the input can take both positive and negative values. We examined how this input signal would be modified by the action of the above filter with a time constant of T, focusing particularly on the time course of the burst component. Figure 6 shows a d-type II neuron whose activity is well simulated with θ 0 =−12.8 deg, r=5.7 (spikes/s)/deg, k=5.5 spikes/deg, and T=180 ms. The computed firing rate (Fig. 6A) provided a good fit to the real firing rate (Fig. 6B) . The coefficient of determination, which is the square of the coefficient of correlation between the real and computed firing rates, was used as the parameter of the goodness-of-fit (Shidara et al. 1993) . The coefficient of determination in this neuron was 0.95. Similar analyses were made for 26 neurons. The coefficients of determination ranged from 0.69 to 0.95 with a mean of 0.80±0.07, indicating good fits of the regression.
The hypothesized filter thus appears to explain well the behavior of d-type II neurons; when a velocity-position signal, as formulated above, is given as an input, the output is a combination of slowly decaying burst and position-related tonic activity. However, at a quantitative level, the coefficient of the velocity term, r, of the input is several times higher than saccadic sensitivity of d-INC neurons. Therefore, a large burst input must be provided by a source other than the INC neurons. It has been previously reported that there is a group of vertical burst neurons with downward on-directions in and around the nucleus of the posterior commissure (NPC) in the midbrain (Chimoto et el. 1994) . Their saccade-related burst has a temporal profile that is similar to eye velocity. Furthermore, these neurons have been shown to project to and ramify in the superior vestibular nucleus, suggesting that their burst activity is conveyed to some class of VN neurons. It is therefore likely that d-type II neurons receive descending inputs from NPC burst neurons as well as from d-INC neurons.
The above discussion focused on the activity of d-type II neurons for saccades in the on-direction. It should be noted that the simulation provided a good fit for the neuron's activity for off-direction (i.e., upward) saccades as well (Fig. 6) . In the simulation, negative input can be filtered the same way as the positive input, and produces mirror-image responses for downward and upward movements. This was exactly the case with the activity of real neurons, as described in "Results." These observations imply that an inhibitory input must impinge on d-type II neurons in relation to upward saccades. The inhibitory input probably has a burst or burst-tonic profile. The origin of such inputs is currently unknown.
Role of d-type II neurons in velocity-to-position integration
It is established that the firing rate of ocular motoneurons can be approximated by the sum of the signal proportional to eye velocity and that proportional to eye position. The motoneuron, like a d-INC neuron, shows a burst-tonic discharge pattern and its discharge rate, R, is related to eye position θ by:
where θ 0 is the eye position at which the cell is recruited into activity, r and k being the saccadic and eye position sensitivities, respectively (Robinson 1975) . This simple relation applies to all types of conjugate eye movements and reflects the two kinds of mechanical load, viscosity and elasticity, of the oculomotor periphery that the CNS has to deal with. Robinson (1975) suggested that in the brain the velocity command is created first and then the eye position command is produced by mathematically integrating the former. This velocity-to-position transformation is thought to be accomplished by a hypothesized circuit called the neural integrator.
It has been hypothesized that integration is accomplished by positive feedback (Arnold and Robinson 1997; Cannon et al. 1983; Galiana and Outerbridge 1984; Kamath and Keller 1976) . The filtering process at the level of d-type II neurons as discussed above can be viewed as incomplete integration. Their characteristic burst reflecting some integration process, together with the presence of eye position signal, makes it likely that these cells may be involved in the integration of saccadic velocity signal. The oculomotor integrator is known to have a high performance, its time constant being as long as >20 s. The time constant of the filter, on the other hand, is only~0.14 s. This leads one to ask how, or even whether, the filter with such poor integrating performance could make a contribution to the overall process of integration. Galiana and Outerbridge (1984) have shown by mathe- Fig. 6A , B Reconstruction of temporal pattern of firing rate of a d-type II neuron. A Reconstructed firing rate profile. B Raw firing rate profile. The firing rate in A is an output of a first-order lag system to a velocity-position input. Parameters used: position sensitivity, k=5.5 (spikes/s)/deg; threshold eye position, θ 0 =−12.7 deg; saccadic sensitivity, r=5.7 spikes/deg; time constant of the filter, T=180 ms matical analysis that local "neural filters" on both sides of the brainstem could function as effective integrator components when they are coupled by a strong vestibular commissural pathway. Of particular interest is their suggestion that the time constant of the neural filter might be as small as that of the eye plant (240 ms). The local filter of which the d-type II neurons are a central element could thus make a significant contribution if it were incorporated into a more distributed positive feedback loop.
Previous studies have proposed that the INC-VN circuits may be a neuronal substrate of the integrator for vertical eye movements (Fukushima and Kaneko 1995; Fukushima et al. 1992 ). Our previous and present studies suggest that the d-type II neurons are in fact a part of this closed loop circuit involving the bilateral VN and INC. Figure 7 shows a diagram of neural connections between VN and INC neurons that carry vertical eye position signals. There is evidence that the left DPV neurons (in the left VN in the figure) ascend to the contralateral (i.e., right) INC to make excitatory connection with d-INC neurons, which in turn project to the right VN (Chimoto et al. 1992 Iwamoto et al. 1990b ). As we discussed earlier in this section, it seems likely that the d-type II neurons (shown in the right VN) receive direct excitatory connection from the d-INC neurons. The d-type II neurons are assumed to be inhibitory since type II VN neurons studied so far are thought to be inhibitory. We make one more assumption that d-type II neurons (right VN) are indirectly connected to contralateral DPV neurons via a vestibular commissural pathway. This last assumption is not only consistent with a well established fact that there is a commissural inhibitory interaction between the bilateral VN in the vertical canal system (Kasahara and Uchino 1974; Shimazu and Precht 1966) but also with our observation that DPV neurons receive inhibition from the contralateral vestibular nerve. Based on these considerations, we suggest that the d-type II neurons may be involved in the processing in which burst-tonic (d-INC) and burst (NPC) signals are combined and then converted by the action of the local filter to a pure eye position (DPV) signal. 
